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Abstract 
We investigate the electron-phonon coupling of CH3NH3PbX3 halide perovskites through the 
observation of Landau levels and high-order excitons under weak magnetic fields, where the cyclotron 
energy is sufficiently smaller than the LO phonon energy. Our low-field data provide the carrier 
reduced masses and exciton binding energies of halide perovskites in the presence of a strong polaron 
effect. We analyze the field-dependent excitonic properties and discuss the large mass enhancement 
beyond the conventional Fröhlich polaron model.  
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Organic–inorganic hybrid lead halide perovskites CH3NH3PbX3 [X = I, Br, and Cl] are a novel 
class of high-quality semiconductor materials that are anticipated for use in solar cells [1,2], light-
emitting devices [3,4], sensors [5], and other optoelectronic devices [6]. Furthermore, these materials 
may constitute the basis of future semiconductor physics and innovative devices beyond conventional 
semiconductors. The combination of wide tunability of bandgap energy and high photoluminescence 
(PL) quantum yields renders lead halide perovskites unique semiconductor materials [7-10]. High PL 
yields enable remarkable phenomena such as laser-induced cooling [11] and photon recycling [12-14]. 
These outstanding performances of lead halide perovskites are attributable to their defect-tolerant 
nature, which is reflected in the high formation energy of deep defect states.  
Recently, polaron formation through strong electron-phonon couplings has been discussed as a 
critical feature of halide perovskites to account for their long carrier lifetime and relatively small 
carrier mobility. Some research groups have proposed large polaron formations induced by the 
conventional Fröhlich mechanism or ferroelectric-like dielectric response [15,16] and small polaron 
formations coupled with local structural lattice distortions [17,18]. However, the effects of electron-
phonon interactions on band-edge optical properties remain unclear. 
Magneto-optical spectroscopy is one of the most powerful methods for deriving the band-edge 
optical parameters of semiconductors, including reduced mass, exciton binding energy, and effective 
dielectric constant. Previous magneto-optical studies regarding lead halide perovskites have estimated 
the exciton binding energies by employing extremely strong pulsed magnetic fields up to 130 T [19,20]. 
It is known that the magnetic-field dependence is characterized by the field strength parameter 𝛾 =
ℏ𝜔𝑐/(2𝑅
∗), where ℏ𝜔𝑐 and 𝑅
∗ are the cyclotron and exciton Rydberg energies, respectively [21]. 
Under high magnetic fields (𝛾 ≫ 1), the optical properties are dominated by the splitting of Landau 
levels, which enables the study of exciton properties even in samples with low crystalline quality. 
However, a careful interpretation is required for materials with strong electron-phonon couplings. 
Theoretical studies have demonstrated that phonon contribution to screening is reduced as magnetic 
fields strengthened [22]. This means that the electron–phonon interaction contributes differently to the 
optical properties under strong and weak magnetic fields. Consequently, it is essential to measure high-
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quality crystals under weak magnetic fields to accurately estimate the band-edge optical properties in 
the low-field limit, which is more relevant to the actual device operation and material research of 
halide perovskites. 
In this Letter, we report the magnetoreflectance spectroscopy of CH3NH3PbX3 [X = I, Br, and 
Cl] bulk crystals at low temperatures with relatively weak magnetic fields up to 7 T, corresponding to 
the 𝛾 < 1 regime. Under such a weak magnetic field, the relation ℏ𝜔𝐿𝑂 > ℏ𝜔𝑐 is satisfied for 
CH3NH3PbI3 and CH3NH3PbBr3, where ℏ𝜔𝐿𝑂 is the LO phonon energy, and the phonon screening 
effect plays an essential role. The observation of Landau levels and higher-order exciton Rydberg 
states enables the precise estimation of the reduced mass and the exciton binding energies. The reduced 
mass is significantly enhanced under low magnetic fields compared with that under high magnetic 
field, where the phonon screening is absent. In addition, we reveal that the exciton energies deviate 
from the prediction by the hydrogenic exciton model, and that the exciton binding energies differ from 
those obtained under high magnetic fields [19,20,23]. We discuss such discrepancies in terms of 
magnetic-field dependent phonon screening, which highlights the significance of the exciton–phonon 
interaction for the band-edge optical properties of lead halide perovskites.  
We fabricated CH3NH3PbX3 [X = I, Br, and Cl] bulk crystals and used their cleaved surfaces for 
optical measurements. We conducted polarization-resolved reflectance measurements at 1.5 K using 
a Helmholtz superconducting magnet in the Faraday configuration. The detailed experimental setup 
and crystal growth technique are provided in Supplemental Material [24]. Note that all the crystals 
used in this study were in the orthorhombic phase at cryogenic temperatures [34], where the motion 
of the CH3NH3+ cation was frozen. Therefore, we can disregard the effect of CH3NH3+ dipole 
orientation on the polaronic and excitonic features, which would be essential in the high-temperature 
tetragonal and cubic phases [35,36].  
The reflectance spectra of the CH3NH3PbI3 bulk crystal at 1.5 K under different magnetic field 
strengths with left- (+) and right-circularly polarized (−) light are shown in Figs. 1(a) and (b). The 
spectrum without an applied magnetic field exhibits an inflection point at approximately 1.637 eV, 
which corresponds to the 1s exciton resonance energy. The broadening of the 1s exciton (i.e., the 
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energy separation between the positive and negative peaks) is 1.3 meV, which is much narrower than 
those in previous reports [20,23]. 
The 1s exciton resonance slightly shifts to the higher energies by applying magnetic fields. In 
addition, we observed three small peaks at the high-energy side for finite magnetic field strengths as 
well as a peculiar feature immediately below the 1s exciton resonance. The low-energy peak appearing 
under + excitation is discussed in Supplemental Material [24]. An enlarged view of the high-energy 
side is shown in the inset of Fig. 1(c). The peaks appear at regular intervals, and they were therefore 
assigned to the Landau levels. The dependence of the peak energies on the magnetic field strength is 
summarized in Fig. 1(c). The peak energies of the Landau levels linearly depend on the magnetic field 
in accordance with the theoretical prediction of the Landau levels, which are described by 𝐸𝑔 +
(𝑁 +
1
2
) ℏω𝑐 ±
1
2
𝑔eff𝜇𝐵𝐵, where N = 0, 1, 2,… is the quantum number; ω𝑐 =
𝑒𝐵
𝜇
 is the cyclotron 
frequency; and 𝑔eff, 𝜇𝐵, and B are the effective g-factor, Bohr magneton, and magnetic field strength, 
respectively. The observation of this Landau fan enables us to estimate the 𝑔eff of 1.68, and a reduced 
mass 𝜇 of 0.14 (±0.01) 𝑚0(𝑚0: electron rest mass). It is noteworthy that the reduced mass is 
enhanced compared with that reported in high-field experiments (𝜇~0.10 𝑚0) [19]. 
The 1s exciton resonance energies are also plotted for both excitation conditions as a function of 
the magnetic field in Fig. 1(c). The magnetic-field dependence of the 1s exciton energy obeys the 
function 𝐶0𝐵
2 ±
1
2
𝑔𝑒𝑥𝜇𝐵𝐵, where 𝐶0 and 𝑔𝑒𝑥 are the diamagnetic constant and exciton g-factor, 
respectively. Using a global fitting procedure that accounts for both + and − excitation conditions, 
we estimated 𝐶0 = 15.9 (±0.1) eV/T2 and 𝑔ex = 1.63, which is consistent with the effective g-
factor estimated from the Landau levels.  
Under the assumption of the Wannier–Mott exciton model, we obtained the following values for 
the exciton binding energy, dielectric constant, and Bohr radius in CH3NH3PbI3: R* = 4.7 (±0.6) meV, 
𝜀𝑒𝑓𝑓 = 21 (±2), and 𝑎𝐵 = 74 (±3) Å, respectively. These estimated parameters are quite different 
from those obtained for 𝛾 ≫ 1 regime (c.f. R* = 16 meV reported in thin films [19] and bulk crystals 
[23]. In addition, the exciton binding energy estimated above is larger than that obtained from the 
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simple extrapolation of Landau energies [~3.1(±0.5) meV, as shown in Fig. 1 (c)]. The physical 
reasons for these discrepancies will be discussed later. 
It is important to investigate the halogen dependence of excitonic properties. In the following, 
we discuss the data obtained from the magneto-reflectance measurements on a CH3NH3PbBr3 bulk 
crystal. The reflectance spectra of CH3NH3PbBr3 at 0 and 7 T are shown in Fig. 2(a). A clear 1s exciton 
resonance appears at 2.254 eV. By applying a magnetic field, the exciton resonance energy shifts only 
marginally due to the Zeeman splitting. The degree of the shift depends on the excitation polarization. 
We observed the linear dependence of energy separation on the magnetic field and estimated g-factor 
gex = 2.30. In addition, a small dip appears below the 1s exciton energy by applying magnetic field, as 
indicated by the arrow in Figs. 2(a) and (b). Similar to the case of CH3NH3PbI3, this spectral feature 
was observed only under the + excitation. However, the signal is extremely small for further 
discussions. 
To accurately determine the exciton energy structure, we investigated the differences in the 
reflectance spectra obtained for the + and − excitations. We define the degree of circular polarization 
p as 𝑝 = (𝜎+ − 𝜎−)/(𝜎+ + 𝜎−) , where σ + and − are the measured reflectance intensities under 
excitation with left- and right-circular polarized lights, respectively. When the Zeeman splitting is 
small, the circular polarization spectrum p corresponds to the first derivative of the reflectance 
spectrum. This enables us to resolve small structures in the reflectance spectrum, such as higher-order 
exciton resonances because common noise in the reflectance spectrum is canceled out. 
Figure 2(b) shows the circular polarization spectra p for different magnetic field strengths. We 
confirmed a strong peak at 2.254 eV, which agrees well with previous reports and can be assigned to 
the 1s free exciton resonance [37,38]. The 1s peak energy shows an extremely small diamagnetic shift 
compared with that of CH3NH3PbI3, and the diamagnetic coefficient was estimated to be C0 = 
2.86(±0.1) eV/T2 [24]. Above the 1s free exciton, a small peak appears at approximately 2.265 eV, 
which shows a blueshift with an increase in the absolute magnitude of the magnetic field. We assigned 
this peak to the 2s exciton state based on the magnetic-field dependence of the resonance energy [24]. 
A magnification of the data for a magnetic field at 7 T in the range between 2.263 and 2.286 eV is 
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shown in Fig. 2(c). Above 2.27 eV, we observed clear spectral structures with regular intervals, which 
correspond to the Landau levels, as indicated by the dotted lines in Fig. 2(c). 
Figure 2(d) summarizes the exciton Rydberg states and Landau levels of CH3NH3PbBr3 as a 
function of the magnetic field. According to the magnetic-field dependence of the Landau levels, the 
reduced mass was estimated to be  = 0.24 (±0.01) m0. In addition, we obtained the bandgap energy 
of 2.265 eV by the linear extrapolation of the Landau levels to 0 T (N = 1, 2, and 3). Hence, the 1s 
exciton binding energy of 11 (±1) meV was determined. We estimated the 1s and 2s exciton resonance 
energies at zero magnetic field as 2.254 and 2.264 eV, respectively. Apparently, the simple Wannier–
Mott model (𝐸𝑋,𝑛 = 𝐸𝑔 − 𝑅
∗/𝑛2) cannot reproduce the experimental results, as shown in the inset of 
Fig. 2(d); the smaller exciton binding energy was observed for the larger quantum number compared 
with the Wannier–Mott model. Such deviation from the Wannier–Mott model is typically observed 
when the polaron radius is similar to or larger than the 1s exciton Bohr radius because the phonon 
screening is more significant for higher-order excitons possessing larger Bohr radii [28]. Here, the 
polaron radii for an electron and a hole, 𝑟𝑒,ℎ
𝑝
, are expressed as 𝑟𝑒,ℎ
𝑝 = (ℏ/2𝑚𝑒,ℎ
∗ 𝜔𝐿𝑂)
1/2
, where 𝑚𝑒,ℎ
∗  
denote the electron and hole band masses for the rigid lattice, correspondingly.  
Although the simple Wannier–Mott model cannot describe the series of exciton resonance 
energies in CH3NH3PbBr3, it is helpful to estimate the excitonic parameters for the 1s exciton based 
on the Wannier–Mott model. We obtained the effective dielectric constant 𝜀𝑒𝑓𝑓 = 17(±2), exciton 
Bohr radius, 𝑎𝐵 = 38(±3)Å , and C0 = 2.7(±0.5) eV/T
2 when we used 𝑅∗ = 11 meV and μ =
0.24 𝑚0. The effective dielectric constant is located near the middle point between the high-frequency 
(5.2) and low-frequency (28) values [39]. Such a situation is typically observed for strong electron–
phonon couplings, which results in the deviation of high-order exciton resonance energies from the 
Wannier–Mott exciton model [28] because the effective dielectric constant is dependent on the 
principal quantum number of excitons (or the resonance energy and Bohr radius equivalently). 
Similar to the case of CH3NH3PbI3, the parameters estimated above differ from those previously 
reported under high magnetic fields [20]. We consider that this discrepancy is due to magnetic-field-
dependent screening by LO phonons (see also the schematic illustration in Supplemental Material 
7 
 
[24]). As previously demonstrated theoretically, phonon screening is reduced with an increase in the 
applied magnetic field [22]. Hence, it is considered that the reduced mass estimated from the cyclotron 
frequency under high fields reflects the bare carrier mass without electron–phonon interactions. This 
is because the phonon screening barely follows the cyclotron motion of carriers in the high-field 
regime. In fact, the lighter effective mass under high magnetic field in the case of ℏω𝑐 ≫ ℏω𝐿𝑂 has 
been reported in other semiconductors, which is attributable to the reduced polaron effects [40]. 
Meanwhile, in our weak-field experiments, ℏω𝐿𝑂 > ℏω𝑐 is satisfied. In this regime, polaron 
mass enhancement occurs due to strong electron–phonon interactions. We consider that polaron mass 
renormalization is the origin of the different reduced masses and exciton binding energies observed 
under high and weak magnetic fields. For a more quantitative discussion, we consider the polaron 
effect based on the Haken potential [28,30]. The detailed calculations are provided in Supplemental 
Material [24], and the calculated parameters for CH3NH3PbX3 [X = I, Br, and Cl] are summarized in 
Table 1. Data of a CH3NH3PbCl3 bulk crystal are shown in Supplemental Material [24]. It is 
noteworthy that we disregarded the anisotropy effects and multiple LO phonon modes in the 
orthorhombic phase in the following calculation for simplicity because the anisotropy effect is 
negligible when considering excitons [41]. The calculated exciton binding energy and polaron reduced 
mass show better agreement with our experimental results compared with those under high magnetic 
fields. This indicates that the Fröhlich-type electron–phonon coupling contributes significantly to the 
band-edge optical properties.  
In addition, it is clear that a simple Fröhlich large polaron model cannot provide a complete 
understanding of mass enhancement by the polaronic effect in halide perovskites: mass enhancement 
is expressed as (1+/6) in the Fröhlich model, where halide perovskites show , whereas the 
reduced mass in our low-field experiment shows a 40% (100%) increase in CH3NH3PbI3 
(CH3NH3PbBr3) compared with the previous high-field experiments. This discrepancy indicates the 
stronger electron–phonon coupling compared with that predicted from the conventional Fröhlich 
polaron model and suggests that other polaron mechanisms, such as small polarons, are necessitated 
to gain a thorough understanding of the mass enhancement. Theoretical calculations have 
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demonstrated the formation of small polarons in halide perovskites [17,42]. As demonstrated in this 
study, investigating polaron mass enhancement through magneto-optical spectroscopy is advantageous 
for discussing the polaron formation mechanism. 
In summary, we investigated the electron-phonon interaction of CH3NH3PbX3 perovskites under 
weak magnetic fields. The observation of Landau levels enabled us to quantitatively evaluate the 
enhanced carrier mass by the polaron effect and the exciton binding energy at zero magnetic field. In 
addition, we discovered exciton binding energies that were smaller than those reported previously in 
high-field experiments and the deviation of exciton energies from the simple Wannier–Mott model. 
These results were explained based on the phonon screening of electron–hole Coulomb interactions 
using the Haken model. We clarified the significant roles of electron-phonon interactions on both 
single electrons and excitons in this class of materials. Furthermore, our data provided low-field 
excitonic parameters, which are more relevant to device operation and necessary for a quantitative 
discussion of the physics in lead-halide perovskite semiconductors.  
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FIG.1 (Color Online) 
Reflectance spectra of CH3NH3PbI3 at 1.5 K under different magnetic field strengths under excitation 
with (a) left- and (b) right-circular polarized lights, denoted + and −, respectively. The spectra are 
offset for clarity. Dotted lines indicate the N = 1 Landau energy (c) Magnetic field dependences of 
Landau levels and 1s exciton resonance energies in CH3NH3PbI3 under + (open) and − (filled) 
excitations. The inset shows enlarged view of differential reflectance spectra under 7 T and + 
excitation. Landau energies are indicated by arrows.  
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FIG. 2  (Color Online) 
(a) Reflectance spectra of CH3NH3PbBr3 at 0 T and 7 T under + and − excitations. (b) Magnetic-
field dependence of circular polarization spectrum. Dotted lines are for eye guiding. Arrow indicates 
distinctive spectral features below 1s exciton energy (see main text). (c) Enlarged view of high-
energy region of circular polarization spectra under 7 T magnetic field. (d) Exciton resonance and 
Landau levels as functions of magnetic field. Dotted lines indicate linear extrapolation of Landau 
levels. The inset shows exciton resonance energy as a function of quantum number. Dashed red 
curve is the result by fitting to the Wannier model, where R* = 14.1 meV and Eg = 2.268 eV.  
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Table 1 
Parameters used and calculated for CH3NH3PbI3, CH3NH3PbBr3, and CH3NH3PbCl3.  
 
 
